Hepatitis C virus (HCV) is the leading cause of liver disease worldwide. It is estimated that 170 million individuals are infected with HCV (56) . The current therapeutic combination of pegylated alpha interferon (IFN-␣) and ribavirin has a sustained viral response rate of ϳ50% in genotype 1 HCV-infected patients and is limited by the adverse effects of both agents (8, 13) . Therefore, the development of oral anti-HCV agents with improved efficacy and better tolerance is urgently needed.
HCV is an enveloped virus with a positive-stranded RNA genome of 9.6 kb. The viral genome encodes a large polyprotein that is cleaved cotranslationally and/or posttranslationally into at least 10 mature viral proteins: C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (3, 26) . Specific functions have been attributed to most of these viral proteins. For example, NS5B protein has an RNA-dependent RNA polymerase activity, the amino-terminal domain of NS3 carries serine protease activity, and NS4A is a cofactor of NS3 which enhances NS3 protease activity by forming a stable heterodimeric complex with NS3 (4, 5, 24, 26, 28, 30) . Both NS5B polymerase and NS3 protease have been the prime targets for the development of HCV-specific agents. To date, multiple small molecules against the two targets have been reported (7, 17, 18, 48) , and some of them have shown antiviral activity in HCV-infected patients (9, 20, 42, 43, 44, 54) .
Among HCV-specific inhibitors discovered so far, NS5B nucleoside analogs target the polymerase catalytic site of NS5B. These inhibitors block nascent viral RNA synthesis by preventing further elongation after they are incorporated into nascent RNA chains (7, 18) . On the other hand, NS5B nonnucleoside inhibitors, which belong to a number of different chemotypes, block the early steps of viral RNA replication by binding to four distinctive allosteric sites away from the active site of NS5B (17, 18) . Different from NS5B inhibitors, NS3 protease inhibitors are substrate-based peptidomimetic compounds. They bind to the active site of the enzyme and competitively inhibit NS3 protease activity (48) . Selections of resistance variants with many of these agents, using HCV replicon cells, have been reported (21, 22, 23, 31, 32, 36, 37, 39, 49, 50, 52) . As expected, the signature-resistant mutations of most of the inhibitors are located around specific inhibitor-binding pockets and the cross-resistance exists among the inhibitors which bind to the same pocket. The development of resistance to anti-human immunodeficiency virus (HIV) drugs has been a major factor that limits the efficacy of virus-specific therapies for treating HIV patients. Given the lack of a proofreading mechanism for HCV NS5B polymerase and the high replication rate of HCV in patients, it is well recognized that the emergence of resistant HCV variants is inevitable (34, 38) . In fact, the appearance of viruses resistant to anti-HCV drug candidates has already been observed for clinical trials (45, 54) . These resistant HCV viruses may exist as prior variants due to the presence of quasispecies in HCV patients, or they may be generated during the treatment period. Based on findings from the treatment of HIV patients, combination therapies with agents which act differently and are therefore not cross-resistant to each other are believed to be necessary to achieve the sustained suppression of HCV replication. Hence, efforts have been invested in the identification of anti-HCV compounds that act on targets other than HCV NS3 protease and NS5B polymerase.
Here, we report studies of the selection and characterization of HCV replicon variants with resistance to ACH-806 (or GS-9132), a novel and potent HCV inhibitor (Fig. 1A) . ACH-806 was discovered by using HCV replicon cells. Mechanism-ofaction studies have revealed that ACH-806 prevents the proper formation of replication complexes by selectively binding to NS4A (14; W. Yang, Y. Zhao, J. Fabrycki, X. Hou, X. Nie, A. Sanchez, A. Phadke, M. Deshpande, A. Agarwal, and M. Huang, unpublished data). Furthermore, ACH-806 has been confirmed to inhibit HCV replication in genotype 1 HCVinfected patients in a proof-of-concept clinical trial, although the reversible nephrotoxicity observed with the trial precludes its further clinical development (41) . In this report, we describe the identification of key amino acid mutations responsible for the resistance by nucleotide sequence mapping of resistant replicon variants emerging under ACH-806 selection and the confirmation of their roles in replicon variants, through the use of reverse genetics. We also present evidence for the lack of cross-resistance between ACH-806 and other classes of HCV inhibitors, including nucleoside and nonnucleoside HCV NS5B inhibitors and HCV NS3 protease inhibitors. Finally, insight into the mechanism of resistance of this class of inhibitors is discussed.
MATERIALS AND METHODS

HCV inhibitors.
The structures of all inhibitors used are shown in Fig. 1 . The synthesis of ACH-806 is published elsewhere. HCV NS5B polymerase nonnucleoside inhibitor (NNI-1; a benzothiadiazine derivative), HCV NS5B polymerase nucleoside inhibitors [NI-1; (2Ј-C-methyladenosine) and NM-107 (2Ј-Cmethylcytosine)], and NS3 protease inhibitor (PI-1) were synthesized according to procedures described previously (6, 10, 15, 47) and were fully characterized by 1 H nuclear magnetic resonance, high-performance liquid chromatography, and mass spectroscopy. IFN-␣2b (intron A) was purchased from Schering-Plough Corporation.
Plasmids and HCV replicon-containing cell lines. Subgenomic 1b (Con-1) replicon-encoding plasmids, pFK-I 389 neo/NS3-3Ј/wt and pFK-I 341 PI-Luc/NS3-3Ј/ET, and the subgenomic 1b (Con-1) replicon cell line Huh-9-13 were described previously (27, 29, 55) . Huh-7 and its derivative HCV replicon cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), nonessential amino acids, penicillin (100 IU/ml), and streptomycin (100 g/ml) at 37°C in an atmosphere of 5% CO 2 . Culture medium of replicon cells was additionally supplemented with 0.25 to 0.5 mg/ml G418, unless specified otherwise.
Selection of colonies resistant to HCV inhibitors. The selection of resistant replicon cellular colonies was performed as described by Trozzi et al. (52) , with the following modifications. HCV replicon cells (Huh-9-13 cells) were seeded in 100-mm-diameter tissue culture dishes at a density of 10 5 cells per dish. The next day, the culture medium was removed, and the selection medium containing 0.5 mg/ml G418 and 1 M ACH-806 (a concentration approximately 25-fold greater than the 50% effective concentration [EC 50 ]) was added. To select replicon cellular colonies resistant to other HCV inhibitors, specific compounds at a concentration of 10-to 50-fold their EC 50 values were included in the selection medium. The selection medium was changed twice a week without passaging the cells. After approximately 3 weeks of selection, replicon cellular colonies resistant to ACH-806 and the other inhibitors became visible. Several resistant replicon cellular colonies were randomly picked up and propagated in the corresponding selection medium for subsequent characterizations. Huh-9-13 cells incubated in the selection medium without compound were used as the parental cell controls. To define the mutation(s) responsible for the resistant phenotypes, total RNA was extracted from individual resistant replicon cell lines with TRIzol reagent (Invitrogen, Carlsbad, CA). Reverse transcription-PCR (RT-PCR) was used to amplify either part of or the entire coding region of the HCV nonstructural proteins (NS3 to NS5B Construction of molecular clones containing specific mutations. Three sets of plasmids containing replicon variants were constructed (Fig. 2) . The first set of plasmids were constructed by introducing point mutations into the construct pFK-I 341 PI-Luc/NS3-3Ј/ET (in short, pLuc/Parent), which encodes a bicistronic nonselectable HCV replicon ( Fig. 2A) (27) . Point mutations were generated by PCR amplification of the target sequence, with primers containing the desired mutation. The resulting plasmids included (i) pLuc/NS3-C16S, replacement of the triplet UGC (nt 3465 to 3467) coding for cysteine 1042 in the polyprotein (residue 16 of NS3), with AGC coding for serine; (ii) pLuc/NS3-A39V, replacement of the triplet GCA (nt 3534 to 3436) coding for alanine 1065 in the polyprotein (residue 39 of NS3), with GUA coding for valine; and (iii) pLuc/ NS5B-I585T, replacement of the triplet AUC (nt 9351 to 9353) coding for isoleucine 3004 in the polyprotein (residue 585 of NS5B), with ACC coding for threonine. The second set of plasmids was constructed by introducing point mutations into pFK-I 389 neo/NS3-3Ј/5A (in short, pNeo/Parent), which encodes a bicistronic selectable HCV replicon (Fig. 2B) . The pNeo/Parent construct is the same as the prototype construct pFK-I 389 neo/NS3-3Ј/wt (29) , except that it contains two adaptive mutations in NS5A, as shown in Fig. 2B (12) . These two adaptive mutations were found to be present in all replicons isolated from the Huh-9-13 cell line. The resulting plasmids included (i) pNeo/NS3-C16S, replacement of the triplet UGC (nt 3465 to 3467) coding for cysteine 1042 in the polyprotein (residue16 of NS3), with AGC coding for serine; and (ii) pNeo/NS3-A39V, replacement of the triplet GCA (nt 3534 to 3436) coding for alanine 1065 in the polyprotein (residue 39 of NS3), with GUA coding for valine. The third set of plasmids was constructed in the backbone of pFK-I 341 PI-Luc/NS3-3Ј/NS5A, which encodes a bicistronic nonselectable replicon. This plasmid is identical to pI 341 PI-luc/NS3-3Ј/ET but contains different adaptive mutations, as shown in Fig.  2C . The resulting plasmids included (i) pLuc/NS3-4A R(S16)
, which contains a fragment encoding NS3, 4A, and part of NS4B (nt 3420 to 6530), from one of the ACH-806 resistant clones (no. 28). This plasmid was constructed as follows. Total RNA was isolated from the ACH-806-resistant clone 28 with TRIzol reagent (Invitrogen, Carlsbad, CA). RT-PCR was used to amplify the fragment encoding NS3, 4A, and a part of 4B, with a set of primers containing unique restriction enzyme sites (5Ј, HindIII; 3Ј, MluI). Following restriction enzyme digestion, the RT-PCR fragment was used to replace the corresponding region in pFK-I 341 PI-luc/NS3-3Ј/NS5A. The resulting plasmid contains a cysteine-toserine mutation at amino acid residue 16 in NS3, in addition to several other nonconsensus mutations that are absent in the majority of other resistant clones but are present in clone no. 28; and (ii) pLuc/NS3-4A
, which is identical to pLuc/NS3-4A R(S16) except that the serine mutation at amino acid residue 16 of NS3 was reverted back to cysteine by using PCR-mediated site-directed mutagenesis. All plasmid constructs were verified by DNA sequencing.
RNA transcription and electroporation. To generate run-off transcripts of HCV replicons, plasmid DNA was first linearized with AseI, followed by ScaI. After DNA was extracted with phenol-chloroform and ethanol precipitation, it was used as the template in an in vitro T7 transcription reaction (Megascript T7 kit; Ambion, Austin, TX). Transcripts were extracted with acidic phenol, and the concentration of RNA was determined by measuring the optical density at 260 nm. . The RNA was transfected into Huh-7 cells by electroporation, as described previously (27, 29) . In brief, single-cell suspensions of Huh-7 cells were prepared at a density of 10 or alanine to valine at position 39 of NS3 was introduced into the parental construct pFK-I 389 neo/NS3-3Ј/5A (pNeo/Parent). The resulting plasmids were designated pNeo/NS3-C16S and pNeo/NS3-A39V. (C) The RT-PCR fragment (shaded boxes) amplified from total RNA of ACH-806-resistant clone no. 28 was used to replace the NS3 and 4A and part of 4B encoding region in pFK-I 341 PI_Luc/NS3-3Ј/5A, and the resulting plasmid was designated pLuc/NS3-4B R(S16) because it contained a cysteine-to-serine mutation at amino acid residue 16 of NS3. The construct pLuc/NS3-4B R(C16) was identical to pLuc/NS3-4B R(S16) , except that the serine mutation at amino acid residue 16 of NS3 reverted back to cysteine. Abbreviation: #28, a clone cell line, no. 28. All the mutations were confirmed by sequencing analysis. Arrows represent adaptive mutations, which are ET (E1202G, T1280I, and K1846T) (55) in all replicons in panel A and S2204I and D2254E in all replicons in panels B and C (12).
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ately performed at 270 V and 960 F, with a Gene Pulser system (Bio-Rad, Hercules, CA) (27, 29, 53) . Electroporated cells were immediately diluted with 10 ml of DMEM supplemented with 10% FBS. Transient HCV replication assay. Following transfection of nonselectable replicon RNA molecules, which were synthesized in vitro, into Huh-7 cells by electroporation, cells were seeded into 96-well plates at a density of 8,000 cells per well in a final volume of 100 l. One day after the cells were plated, 100 l of DMEM-10% FBS containing a 2ϫ concentration of a specific inhibitor was added, and the cells were further incubated for 72 h. The replication capacity of HCV replicon variants as well as the inhibition of HCV replicon replication was quantified by measurement of the luciferase activity, using a commercial kit (Britelite Ultra-high sensitive luminescence reporter gene assay system; Perkin Elmer, Wellesley, MA). Briefly, at the end of 72 h of treatment, cells were lysed, and lysates were transferred to an opaque white 96-well plate. Immediately after the Britelite substrate was added, the plate was read with a MicroBeta model liquid scintillation and luminescence counter (Perkin Elmer, Wellesley, MA). The replication capacity of replicon variants was assessed by the level of luciferase activity (in relative luminescence units [RLU] ) measured at 4 days posttransfection in cells not treated with inhibitor. This level was normalized by the efficiency of transfection, which was expressed as the luciferase activity at 4 h posttransfection. The inhibition of replicon replication by an inhibitor was expressed as the concentration that caused a reduction of luciferase activity (RLU) by 50% (EC 50 ) or 90% (EC 90 ) in comparison to that of the no-inhibitor-treated controls.
Colony formation assay. Huh-7 cells transfected by electroporation with selectable replicon RNA molecules were seeded in 10-cm-diameter tissue culture dishes at a density of 3 ϫ 10 5 cells per dish. Initially, cells were cultured in DMEM supplemented with 10% FBS and ACH-806 at various concentrations (0 to 3.16 M). The next day, the medium was replaced with DMEM supplemented with 10% FBS, 0.5 mg/ml G418, and ACH-806 at the same concentration range (0 to 3.16 M). Cells were refed with the same media twice a week until colonies formed. The colonies were fixed with 10% formaldehyde and stained with 2% crystal violet in 20% ethanol. Dot blot hybridization. The level of replicon RNA was quantitatively measured by dot blot hybridization. Briefly, 8,000 replicon cells were seeded into each well of a 96-well plate. The next day, half-log dilutions of ACH-806 or control compounds were added to the cells. After 3 days of incubation, the cells were harvested with 70 l of lysis buffer (50 mM Tris-HCl [pH 8.0], 140 mM NaCl, 1.5 mM MgCl 2 , 0.5% Nonidet P-40, 1,000 U/ml RNasin, and 1 mM dithiothreitol). Nuclei were removed from the lysates by centrifugation at 300 ϫ g for 3 min. Fifty microliters of each supernatant was transferred to the wells of a 96-well manifold equipped with a nylon membrane (Schleicher & Schuell, Keene, NH). The membrane was subjected to hybridization with a 32 P-labeled negative-sense riboprobe complementary to NS5B at 58°C overnight. Following hybridization, the membrane was washed and dried, and the radioactivity in each spot was counted with a MicroBeta model liquid scintillation and luminescence counter (Perkin Elmer). Anti-HCV activity was expressed as the concentration that caused a reduction of radioactivity (cpm) by 50% (EC 50 ) in comparison to that of the untreated control. In most cases, the membrane was also exposed to X-ray film after counting. Additional details of this assay will be published elsewhere (Yang et al., unpublished).
Structural analysis and modeling. Coordinates for the three-dimensional structure of the full-length NS3 protein were obtained from the Protein Data Bank entry 1CU1 (59). 1CU1 was analyzed using InsightII 2000 software (Accelrys), using an SGI Octane2 workstation. Distances between the nearest heavy atoms of Ala 39 and Cys 16 and the NS4A cofactor were measured.
RESULTS
By screening a diverse collection of small molecules in HCV replicon cells, we discovered leading compounds with EC 50 values as low as 3 M. Further systematic optimization of these leaders yielded analogs with greatly improved potency, including a clinical development candidate, ACH-806 (or GS-9132) (Fig. 1A) . ACH-806 displays potent activity against both genotype 1a and 1b replicons with EC 50 values between 10 and 50 nM, depending on the replicon cells and the end points. Mechanism-of-action studies have shown that ACH-806 does not inhibit the enzymatic activities of NS5B polymerase and NS3 protease per se (data not shown), suggesting that a novel mechanism is attributed to the anti-HCV activity of ACH-806.
Selection of replicon variants resistant to ACH-806. Selection was initiated by culturing Huh-9-13 cells, genotype 1b replicon-containing cells (29) , in the presence of ACH-806 and G418. Significant cell death was observed approximately 10 days after selection was initiated. Colonies of replicon cells resistant to both the inhibitor and the selecting antibiotic became visible 2 weeks later. Two independent selections were performed (selections 1 and 2 in Table 1 
For phenotypic and genotypic analyses, eight random colonies were picked and expanded. The susceptibility levels of these resistant replicon cellular lines to ACH-806 and to other classes of inhibitors were compared to that of their parental replicon cellular lines by measuring HCV replicon RNA with a dot blot assay as described in Materials and Methods. An exemplary result that includes a dot blot image and doseresponse curves obtained from one ACH-806-resistant replicon cellular line is shown in Fig. 3 . The summary of phenotypes of all eight cellular lines is presented in Table 1 . The average increase of EC 50 values to ACH-806 of all resistant replicon cellular lines was about 15-fold (ranging from 9.5 to 21.3). In contrast, the average increase of EC 50 to other classes of inhibitors was less than twofold (ranging from 0.3 to 4.2). These results suggested that the resistant phenotype shown in the cloned replicon cellular lines was specific to ACH-806.
Genotypic analysis of resistant replicon variants. To ascertain if the reduced ACH-806 susceptibility of the resistant replicon cellular lines was due to a distinctive replicon mutation(s), we determined the sequences of the entire nonstructural protein-coding regions of replicons extracted from the three resistant replicon cellular lines (no. 22, no. 24 and no. 28 from selection 1) and aligned them with the sequences of the parental replicon. Besides some nonconserved mutations randomly scattering throughout the replicons, we found two sense mutations that were conserved in all three replicons isolated from resistant replicon cellular lines. One mutation resulted in the replacement of cysteine 16 of NS3 (residue 1042 of the polyprotein) with serine (C16S) ( Table 1) , and the other mutation resulted in the replacement of isoleucine 585 of NS5B (residue 3004 of the polyprotein) with threonine (I585T). Since the C16S mutation in NS3 was the mutation that conferred resistance to ACH-806 (see below), the subsequent genetic analysis focused on the NS3 region. After sequencing the NS3 region of replicons extracted from the remaining five resistant replicon cellular lines, we found that two of them (no. 23 and no. 25 from selection 1) carried the C16S mutation; however, the other three lines (no. 6, no. 8, and no. 9 from selection 2) carried a different mutation that replaced alanine 39 of NS3 (residue 1065 of the polyprotein) with valine (A39V) ( Table 1 ). The same A39V mutation was previously detected in resistant replicon variants selected with several ACH-806 analogs and was identified as the mutation responsible for the reduced susceptibility of the resistant replicon cellular clones to those analogs (data not shown).
Determination of mutations responsible for the resistant phenotype. To investigate the genetic basis of resistance to ACH-806 in the resistant replicon cellular lines, specifically the roles of C16S and A39V in NS3 and I585T in NS5B, we introduced these mutations separately into a nonselectable replicon containing a luciferase reporter gene as shown in Fig.  2A . Following the transfection of the parental replicon RNA molecule and the C16S, A39V, and I585T variant replicon RNA molecules into Huh-7 cells, the replication capacity of all replicons was determined as described in Materials and Methods. Replicon RNA carrying the A39V mutation replicated as efficiently as its parent, whereas the C16S and I585T mutations caused a slight decrease in the replication capacity (about 75% of that of the parental replicon) (Fig. 4A) . The susceptibility of each of these four replicons to ACH-806 as well as to other classes of inhibitors was compared side by side, and the results are summarized in Table 2 and Fig. 4B . The I585T mutation did not significantly affect the potency of any compound. The C16S and A39V mutations, on the other hand, increased the EC 50 values of ACH-806 12-and 14-fold, respectively. In contrast, neither of the mutations significantly affected the potency of other control inhibitors. In addition, a replicon variant carrying both the C16S and the A39V mutations was also made but failed to replicate efficiently in Huh-7 cells.
To further confirm the roles of C16S and A39V in conferring resistance to ACH-806, we introduced both mutations separately into a selectable replicon which carries the neo gene and the adaptive mutations that differ from the nonselectable replicon (Fig. 2B) . Following transfection of the parental replicon RNA, the C16S replicon RNA and the A39V replicon RNA, into Huh-7 cells, the susceptibility of each of these three replicons to ACH-806, as evaluated by the number of colonies formed under the treatment of both G418 and ACH-806, was compared side by side (Fig. 4C) . Again, an approximately 10-fold reduction in the susceptibility of C16S or the A39V replicon variant to ACH-806 was observed.
A third approach, fragment cloning, was used to reinforce the role of the C16S mutation and to exclude the role of other nonconsensus mutations in conferring resistance to ACH-806. An ϳ3-kb fragment covering the coding regions of NS3, NS4A, and part of NS4B was amplified by RT-PCR from total RNA isolated from the ACH-806-resistant clone no. 28. The PCR product was cloned into the nonselectable replicon containing a luciferase reporter gene (Fig. 2C) . Replicon RNA molecules were made from eight individual clones and were transfected into Huh-7 cells to determine the replication capacity by luciferase activity. From the eight clones, two were able to replicate efficiently, and sequencing of the entire cloned fragment in these two clones confirmed the existence of the C16S mutation in addition to other nonconsensus mutations. The serine at amino acid residue 16 of NS3 in one of these two clones was then converted back to cysteine by using site-directed mutagenesis, leaving other nonconsensus mutations unchanged (Fig. 2C) . The replication capacity of this resulting replicon [Luc/N3-4A R(C16) ] was 95% of that of its parent [Luc/N3-4A R(S16) ], determined as previously described. After they were transfected into Huh-7 cells, the susceptibility of both replicons was compared. The reversion of serine back to cysteine at amino acid residue 16 of NS3 increased the susceptibility of the replicon to ACH-806 about 10-fold and maintained the susceptibility to other classes of HCV inhibitors (Table 3) . Similar results were also obtained with a fragment containing NS3, 4A, and part of 4B derived from a resistant cell line carrying the A39V mutation (data not shown). In summary, all three approaches yielded a 10-to 15-fold decrease in the susceptibility to ACH-806 in the replicon variants carrying either the C16S or the A39V mutation, a value similar to that observed for the resistant cell clones emerging under the selection of ACH-806 (Table 1) . Hence, we conclude that either of the C16S or the A39V mutations in the HCV replicon is sufficient to confer the replicon resistance to ACH-806.
No cross-resistance between ACH-806 and other classes of HCV inhibitors. In the study described above, we showed that there were no significant differences between the susceptibility to ACH-806-resistant replicon variants and that of their parental replicons to the other classes of HCV inhibitors (Table  2 and 3 ). In addition, the susceptibility of ACH-806-resistant replicon cellular lines to IFN and ribavirin was also similar to that of the parent cell line (data not shown). The lack of cross-resistance between ACH-806 and other classes of HCV inhibitors was further confirmed by the evaluation of the susceptibility to ACH-806 of replicon cellular lines resistant to other classes of HCV inhibitors. The replicon cellular lines resistant to each of the HCV inhibitors were obtained by selection with the Huh-9-13 cell line. These resistant replicon cell lines were highly resistant to their inducing agent (a change in EC 50 values of Ͼ20-fold) and carried the signature mutations reported previously by others (23, 31, 36, 39, 49, 52) (Table 4) . No significant differences were observed when the susceptibility levels to ACH-806 of these resistant replicon cellular lines and the parental replicon cellular line were compared side by side (Table 4) . Hence, we conclude that ACH-806 is not crossresistant with the other classes of inhibitors that we have tested, including nucleoside and nonnucleoside NS5B polymerase inhibitors and NS3 protease inhibitors.
Modeling of NS3 mutations. Structural and biochemical analyses of NS3 protease have shown that the very N-terminal region of NS3 interacts with NS4A to form the NS3-NS4A complex (4, 11, 24, 46, 59) . In the absence of an NS4A cofactor, folding of the N-terminal region of NS3 was incomplete (2, 16, 35) . Both the C16S and the A39V mutations are located in the N-terminal region of NS3. The three-dimensional locations of 
DISCUSSION
In this report, we present for the first time the resistant profile of ACH-806, a new class of HCV inhibitor. By using a selection procedure similar to the one that has been described for other classes of HCV inhibitors (23, 31, 36, 37, 39, 52) , resistant replicon cell lines have been obtained, and eight of these cell lines have been further characterized ( Table 1 ). All of the replicon cell lines exhibit a reduction in the susceptibility to ACH-806, an average EC 50 value increase of 15-fold compared to the EC 50 value of the parental replicon cell line to this inhibitor. These resistant replicon cell lines are divided into two groups, based on genotypic analyses, one group carrying a C16S mutation and the other an A39V mutation. Both mutations are mapped to the N terminus of the NS3 protease domain. Different approaches of reverse genetics have been employed to study the roles of the two mutations in conferring resistance to ACH-806. The results of those studies unequivocally demonstrate that either of the C16S or the A39V mutations is sufficient to confer resistance to ACH-806. This conclusion is based on the fact that reduction in the susceptibility of the replicons rendered by each of the C16S and A39V mutations in the reverse genetics is close to that found in the original ACH-806-resistant replicon cellular clones. In addition, we previously used IFN to cure a replicon cell line, which was derived from selection with an ACH-806 analog, was resistant to ACH-806 and its analogs and also contained replicon molecules with the A39V mutation in NS3 (data not shown). When we transfected the nonselectable naïve replicon into the cured cell line, we found no change in its susceptibility to ACH-806 and its analogs (data not shown). These data suggest that any cellular adaptation that may have occurred during selection with the ACH-806 analog plays a negligible role in conferring resistance to this class of inhibitors.
Unlike the resistant replicon variants selected with other classes of HCV-specific inhibitors, where a higher reduction in the susceptibility is often seen (23, 36, 52) , all ACH-806-resistant replicon cell lines exhibit a moderate reduction (Table 1) . Resistant replicon cell lines obtained with several analogs of ACH-806 display the same phenomenon (data not shown). We do not know the exact reason for this, as of now, although multiple scenarios could be used to interpret this difference. One attractive hypothesis is that the variants able to confer high resistance to ACH-806 do not replicate well, such as the C16S and A39V double mutant, so they cannot be selected out under the current selection condition. It is possible that the presence of viral quasispecies in HCV-infected patients, due to the error-prone nature of NS5B polymerase and high replication rate in vivo (34, 38) , might provide more opportunities for the selection of resistant viruses, which display resistance levels that are different from those presented in this study. Nevertheless, the low-level resistance will be advantageous if it holds true in the clinical setting.
In addition to ACH-806, we have performed resistance selection studies with 10 analogs of ACH-806. The A39V mutation was detected in most of the replicon clones obtained from selection with these analogs. However, the C16S mutation was also detected in a few clones. Although we do not know the exact reason why this is, we suspect that it is related to how (25) . BMS-378806 acts by interrupting the binding of the HIV-1 envelope protein, gp120, to cellular CD4 receptors. The major resistance mutation, in one selection, is at amino acid 426 of gp120 and, in another selection, at amino acid 475 of gp120, even though the two parental viruses do not differ significantly in their gp120 sequences (i.e., they are both derived from the same strain) (1, 40) . This is in great contrast to 3TC (an HIV reverse transcriptase inhibitor). The mutation at amino acid 184 of reverse transcriptase is always found no matter what viral strains are used for the selection of variants resistant to 3TC. Mechanism-of-action studies with ACH-806 have revealed that the inhibitor prevents the proper formation of replication complexes by binding selectively to NS4A (14; Yang et al., unpublished). Although no resistance mutation is found in NS4A, the location of both the C16 and the A39 resistance mutations is intriguing. The NS3 protease domain complexes with NS4A and adopts a chymotrypsin-like folding pattern composed of a C-terminal six-stranded ␤ barrel and an Nterminal eight-stranded ␤ barrel (16, 35, 58) . The catalytic triad histidine 57, aspartate 81, and serine 139 is located between the two domains. One of the ␤ strands in the N-terminal barrel is composed of the central region of NS4A (21 to 32 amino acids), which interacts extensively with the A1 and A0 ␤ strands of NS3 (16) . These structural observations are in agreement with the results generated by deletion mutagenesis that indicate the interaction domain of NS4A and NS3 lies in the N terminus of NS3 (11, 46) . The location of Cys 16 is in the ␣ 0 helix that is involved in hydrophobic interactions with Val 24 and Val 26 of NS4A. The distance between Cys 16 (C␤) and Val 26 (CG1) is 4.1 Å. The location of Ala 39 is in a loop between the A1 and B1 ␤ strands of the NS3 N-terminal region. This loop is close to the N terminus of the cofactor part of NS4A (21 to 32 residues). Although modeling of the local structure shows that the spatial distance between Ala 39 (C␤) and Gly 21 (C␣) of NS4A is 7.3 Å, it is unclear if Ala 39 could interact with other parts of NS4A since no structural information beyond the cofactor part of NS4A is currently available. Nevertheless, based on this information as well as the evidence that ACH-806 acts by binding to NS4A, we propose a model. When ACH-806 binds to NS4A, the binding affinity of NS4A to NS3 is reduced, resulting in several changes in replication complexes, including the impairment of certain NS4A-dependent cleavages, the reduced stability of NS3 and NS4A and other potential changes (14; Yang et al., unpublished). We believe that the mutations on the N terminus of NS3 (the C16S or the A39V mutation) alter the interaction between NS3 and NS4A so that the binding affinity of NS4A to NS3 is restored. We do not know the exact reason why no resistance mutation is identified in NS4A, where the inhibitor binds. There are precedents, though, where resistance mutations are not located in the protein to which the inhibitor binds. For example, resistance mutations are mapped to HIV envelope protein gp120, not to the CCR5 coreceptor where CCR5 antagonists bind (19, 33, 51, 57) because of the impossibility for the gene encoding CCR5 coreceptor, a host gene, to mutate. By a similar, though not the same, analogy, if the mutations in NS4A are not as tolerant as the mutations at the N terminus of NS3 to replicon growth, the replicons carrying the mutations at the N terminus of NS3 could be selected more readily under ACH-806 treatment. The lack of a significant growth disadvantage for either the A39V or the C16S replicon variant (Fig. 4) is supportive for this assumption.
This work has also demonstrated that ACH-806 and it analogs lack cross-resistance to other HCV inhibitors. ACH-806-resistant replicon cellular lines are susceptible to other HCV inhibitors, including HCV NS5B inhibitors, NS3 protease inhibitors, and IFN and ribavirin. Replicon cellular lines resistant to other classes of HCV inhibitors are as susceptible to ACH-806 as their parental replicon cellular line. No crossresistance between ACH-806 and other HCV inhibitors provides further support for the conclusion that ACH-806 employs a novel mechanism for inhibiting HCV replication as well as a rationale for combining an agent of this class with NS5B polymerase inhibitors, NS3 protease inhibitors, and IFN and/or ribavirin in the treatment of HCV-infected patients.
